I. INTRODUCTION
Supramolecular self-assembly at surfaces is a promising route towards the synthesis of nanoscale materials. [1] [2] [3] [4] As in processes that occur in the natural world, molecules deposited on a surface can spontaneously rearrange, bonding to each other non-covalently and creating ordered networks (self-assembled molecular networks, SAMNs) that can be exploited for a variety of applications. 5 The functionalization of the molecular building blocks allows for the introduction of specific interactions in the self-assembled structure; a given functional group can promote certain bonding geometries, or hinder others due to steric constraints. 6 For example, carboxyl groups can stabilize self-assembled networks through a wide range of available hydrogen bonding motifs. 7, 8 The surface self-assembly of molecules with two to four carboxyl groups has been extensively studied. 6, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] When appropriately disposed, the -COOH groups facilitate the formation of ordered hydrogen-bonded arrays on relatively non-reactive surfaces including highly oriented pyrolytic graphite (HOPG) and Au(111). These surfaces are typically selected to allow intermolecular interactions, rather than molecule-substrate interactions, and play the most significant role in the formation of the molecular film. Less work has a) Present address: Central Analytical Research Facility (CARF), Institute for Future Environments, Queensland University of Technology, Brisbane, 4000 QLD, Australia. b) Authors to whom correspondence should be addressed. Electronic addresses: macleod@emt.inrs.ca and rosei@emt.inrs.ca c) Present address: School of Chemistry, Physics, and Mechanical Engineering, Queensland University of Technology, Brisbane, 4000 QLD, Australia.
been done on systems with lower degrees of functionalization, since, a priori, their ability to stabilize ordered twodimensional architectures is reduced. A limited literature exists on the surface self-assembly of molecules functionalized with a single -COOH group and suggests that more investigation will prove useful. For example, the simplest benzenebased acid, benzoic acid, has not been found to produce any two-dimensional long range ordered structures. 26 Thiophene-2-carboxylic acid similarly failed to produce observable structures. 27 On the other hand, pyridinecarboxylic acids can form ordered layers stabilized by O-H · · · N and C-H · · · O interactions at the liquid/HOPG interface, 28 and ferrocenecarboxylic acid has recently been shown to form hydrogen-bonded pentamers 29 and double-row cluster geometries on Au(111). 30 Here, we report on the self-assembly of indole-2-carboxylic acid (I2CA), a small bicyclic planar molecule comprising benzene and pyrrole (Figure 1(a) ), which has been previously investigated as a possible treatment for spasticity, acting as an antagonist for strychnine-insensitive glycine receptors. 31, 32 The molecule is made interesting by its single carboxylic functionalization, which allows only a few possibilities for intermolecular hydrogen bonding
and by the low symmetry of the molecule, which in turn expands the number of possible molecular geometries within the bonding motifs. Indole derivatives are also interesting because of their biological and medical relevance. 33 Dihydroxyindoles and their various redox forms constitute the building blocks of eumelanin, a ubiquitous pigment in plant and animals, and as such they are suited to the study of self-assembly in eumelanin. 34 Polyindoles, commonly synthesized electrochemically, are well-investigated organic electronic polymers. We investigated the self-assembly of I2CA under a range of conditions, using scanning tunneling microscopy (STM) and density functional theory (DFT) to study the structures formed. Two substrates were used: Au(111) and HOPG. Vacuum deposition was used to form molecular layers on Au(111), whereas molecular assembly on HOPG was investigated at the solution/solid interface using two different solvents. Gas-phase DFT calculations corroborated our experimental observations and provided insight into the role of epitaxy in the supramolecular assembly and the limitations of using STM for studying these systems.
II. EXPERIMENTAL AND THEORETICAL METHODS
A. Solution/solid STM Saturated solutions of I2CA (>98%, Tokyo Chemical Industry Co., Ltd.) were prepared in heptanoic acid (99%, Sigma Aldrich) and 1,2,4-trichlorobenzene (TCB, >99%, Sigma Aldrich). Experiments were performed in ambient using a Digital Instruments (DI) STM controlled with a DI Nanoscope IIIa controller. Prior to each experiment, fresh HOPG (Structure Probe grade SPI-2) surfaces were exposed by cleaving with adhesive tape. STM tips were cut from 80/20 PtIr wire (NanoScience Instruments). Molecular solutions were applied drop-wise to the HOPG substrate.
B. Vacuum STM
Vacuum STM experiments were performed using an Aarhus 150 instrument (Specs Surface Nano Analysis GmbH) at room temperature. The STM is housed in an UHV chamber with a base pressure of 10 −10 mbar. Prior to each experiment, the (111)-oriented Au crystal (Princeton Scientific) was cleaned by repeated cycles of sputtering under 1.5 kV Ar + ions and subsequent annealing to 350
• C. The surface was then characterized by STM to verify the presence of the Au(111)-(22 × √ 3) herringbone reconstruction. 37 I2CA molecules were deposited on room-temperature Au(111) from an alumina (Al 2 O 3 ) crucible in a Knudsen-type effusion cell at a temperature of 70
• C and pressure of 10 −7 mbar.
C. Image processing and analysis
All image processing and analysis were done using the free WSxM software. 38 Image calibrations were based on the known lattice constants of the HOPG (0.246 nm) and Au(111) (0.288 nm) substrates. Molecular unit cells were obtained starting from images in which both the molecular layer and the underlying surfaces were imaged in the same frame. On HOPG, we identified the exact epitaxy matrix for the molecular overlayer structures using image autocorrelation. On Au(111), we performed a real-space lattice correction described in the supplementary material.
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D. DFT calculations
Gas-phase molecular bonding geometries and energetics were identified with DFT calculations of molecular dimers and trimers using the Gaussian09 software 40 at the B3LYP/6-31G(d,p) level. For all calculations, the highest possible symmetry constraints were imposed and the molecules were kept planar.
DFT calculations of the extended structures of the molecular layers were made using periodic boundary condition (PBC) calculations under the open-source code QUANTUM ESPRESSO, 41 version 5.0.3, using ultrasoft pseudopotentials with a 680 eV cutoff for the plane-wave basis. The generalized gradient approximation in the Perdew-BurkeErnzerhof parameterization (GGA-PBE) was used for the exchange-correlation functional. 42 The exchange-correlation was augmented by adding an ab initio nonlocal van der Waals correlation contribution (vdW-DF). [43] [44] [45] Comparison between the standard GGA-PBE methods and the vdW-DF correction is provided. No substrate was considered during the optimization, so the calculated geometries can be considered gasphase only. As such, all parameters including atomic positions and cell dimensions were free to vary during the calculations. Optimization was performed until the total force on the ions was below 0.001 Ry/Bohr, and the total pressure on the unit cell was below 0.5 kbar. Starting geometries and results were prepared and visualized with the VESTA 46 and XcrySDen 47 software packages.
III. RESULTS
A. Calculated hydrogen-bonding geometries
The single functional group of I2CA limits the number of possible structures accessible through hydrogen bonding, yet the low symmetry of the molecule means that a number of geometries exist for a given bonding arrangement. Gas-phase TABLE I. DFT-calculated bond energies for I2CA associations shown in Figure 1 . The Monomer units column indicates which of the two isomers is present in the multimer structure. The bond energy per molecule, as well as the total energy (normalized to the energy of isolated I2CA in its lowest energy conformation), is also given.
Structure
Figure 1
Monomer units High symmetry (C3h) -COOH trimer
DFT elucidated the energetics and geometries of a number of possible structures. The geometries are shown in Figure 1 , and the bond energies are summarized in Table I . I2CA is shown as structures (a) and (b), with the two molecules distinguished by the rotation of the -COOH group. Cyclic dimerization of the -COOH groups of two molecules produces a linear dimer with either trans-(Figures 1(c) and 1(e)) or cis-(structure (d)) symmetries determined by the relative orientation of the two pyrrole rings. Structures (c) and (e) are distinguished by the relative orientation of the -COOH groups with respect to the nitrogen in the pyrrole. Cyclic NH · · · O bonding (Figures 1(f) and 1(g)) produces high-symmetry dimers that we refer to as "offset dimers", and which can again be distinguished by the rotation of the -COOH groups. Cyclic trimerization of the -COOH groups of three molecules is shown in structures (h) and (i). These high-symmetry trimers are distinguished from one another by the rotation of the -COOH groups. Calculations of lower-symmetry trimers, where two pyrrole nitrogens faced one another, revealed that the structure was unstable with respect to the formation of a low-symmetry -COOH dimer (Figure 1(d) ) with the third I2CA molecule forming a weak O-H · · · O bond to the dimer.
Similar to other calculations of -COOH bond energetics, we find that the cyclic dimer bond (Figures 1(c)-1(e) ) is the most stable at approximately −10 kcal/mol per -COOH. 16, 25 B. Au(111) in UHV After deposition onto room temperature Au(111), I2CA molecules spontaneously arrange into a well-defined molecular layer (Figure 2(a) ). The internal contrast of high-resolution STM images suggests that the molecules form -COOH dimers that align into lamellae. The I2CA dimers are oriented with their long axes tilted with respect to the lamellar short axis, with neighboring lamellae mirror-reflecting the tilt angle. The dimers thus form a chevron-like structure with a unit cell indicated in Figure 2(b) . Images where the substrate and the molecular overlayer could be imaged simultaneously (see supplementary material 39 ) allow us to identify the unit cell of the molecular overlayer structure as u = 0.77 nm and v = 3.17 nm, with an angle γ = 91.1
• between them. Since the presence of the Au(111)-(22 × √ 3) herringbone reconstruction implies a uniaxial compression of the surface atoms along ⟨110⟩ 37, 48 an anisotropic surface unit cell must be used to calculate the molecular overlayer lattice. 49 The above values are based on this anisotropic surface lattice (see supplementary material 39 ).
C. TCB/HOPG interface
The dominant structure formed from a solution of I2CA in TCB comprises a lamellar structure qualitatively similar to the one seen on Au(111) in UHV (Figure 3) . Analysis of images containing both the molecular structure and the underlying HOPG lattice reveals epitaxial growth and allows the determination of the following epitaxy matrix:
which corresponds to a unit cell with u = 0.74 nm, v = 3.25 nm, and γ = 93.5
• . The dimers in adjacent lamellae are inclined by different angles, with alternating lamellae exhibiting +60
• ) tilts with respect to the lamellar long axis. In a minority of experiments, we observed the formation of a structure in which each lamella contained I2CA dimers with identical tilt angles (Figure 4) . In this case, the following epitaxy matrix describes the overlayer structure:
This matrix corresponds to a unit cell with u = 1.50 nm, v = 0.74 nm, γ = 94.7
• . The dimers are tilted by 50
• (±3 • ) with respect to the long lamellar axis.
D. Heptanoic acid/HOPG interface
Using heptanoic acid as the solvent, we observe a different structure on HOPG, as shown in Figure 5 . The structure does not have the well-defined lamella seen at the TCB/HOPG interface. The image contrast suggests a pairing of I2CA molecules inconsistent with the -COOH dimerization seen on Au(111), or when TCB was used as a solvent. Images with substrate resolution allow us to identify the epitaxy matrix as
which corresponds to a unit cell with u = 1.37 nm, v = 1.77 nm, and γ = 115
• .
E. Calculated 2D molecular layer structures
Starting from the bonding geometries implied by our measurements at the TCB/HOPG interface, we performed DFT calculations of the 2D layer structures using periodic boundary conditions. The optimized calculated geometry for the structure corresponding to the chevron double lamellar structure observed on Au(111) and at the TCB/HOPG interface consists of one cis-and one trans-symmetric -COOH dimers, shown in (d) in Figure 6 , and the structure constrained to the unit cell observed at the TCB/HOPG interface is shown in (b). The single-lamella structure observed at the TCB/HOPG interface with trans -COOH dimers is shown as (a) (constrained to the TCB/HOPG unit cell) and (c) (optimized) in Figure 6 . Table II reports the energetics and unit cells for these structures as well as both the total bonding energy and the cohesive energy (the energy required to assemble the candidate structure from hydrogen-bonded dimers). Because of the subtleties of the surface reconstruction, we did not consider the geometry observed on Au(111) in the calculations, but we note that the observed unit cell on Au(111) is quite close to the relaxed gasphase geometry and thus will produce total energies intermediate between those found using the observed HOPG unit cell and gas-phase relaxation.
IV. DISCUSSION
Cluster DFT calculations of dimeric and trimeric associations of I2CA reveal energetics consistent with those found for other carboxylated molecules. 16, 25 Dimeric association via -COOH cyclic bonding leads to the most stable architecture. Of the different -COOH dimer conformations investigated, the strongest hydrogen bond energy is achieved for transsymmetric dimers of I2CA for which the monomers have their hydroxyl groups oriented towards the pyrrole nitrogen (Figure 1(e) ). However, this geometry comprises a less-stable conformation of I2CA, and accordingly the lowest total energy structure is found for dimerization of the other I2CA isomer (Figure 1(c) ). The offset dimer structures are less stable and have a large enough energy difference between the two I2CA isomers (−6.60 kcal/mol per molecule vs. −0.92 kcal/mol per molecule) that we can reasonably assume that only the structure shown in Figure 1(f) should be observable. The trimeric associations in Figures 1(h) and 1(i) are included mostly for interest, since these trimeric structures are unlikely to form extended two-dimensional films due to the difficulty in doing so at an adequate molecular density.
The self-assembly of I2CA at surfaces is consistent with the formation of expanded films of hydrogen bonded structures predicted from gas-phase DFT. On Au(111) in vacuum, and at the TCB/HOPG interface, the I2CA SAMN comprises the energetically favored -COOH dimers, which pack into ordered lamellae. However, even with the high-resolution imaging afforded by UHV, it was not possible to distinguish between the three possible dimer conformations shown in Figures 1(c)-1(e) . The I2CA molecules consistently appear pearshaped, with no evident asymmetry from which the position of the nitrogen could be inferred, and negligible contrast exists in the region of the -COOH bonds.
The lamellar structures differ on Au(111) and HOPG. On Au(111), the short unit vector, which corresponds to the intralamellar spacing between dimers, is u = 0.77 nm. This spacing is reduced on HOPG, where it is lattice-matched to three HOPG lattice constants (0.74 nm). This has implications for the interactions between the lamellae. On HOPG, the lamellae can stack symmetrically (Figure 4 ), leading to a molecular lattice vector v approximately half the length of the one observed on Au(111). The dimer tilt angle of 50
• ) is identical between the single lamellar structure on HOPG and the double-lamella structure on Au(111). In the double lamellar structure on HOPG (Figure 3) , the 0.74 nm dimer spacing is retained, but the tilt angle is different in each of the two lamellae spanned by the unit cell (45
• ), which presumably minimizes the repulsive interactions between adjacent lamellae and leads to an expansion of the lattice along the direction perpendicular to the long axis of the lamellae (v = 3.17 nm on Au(111), and v = 3.25 nm on HOPG). For the single lamellar phase, observed on HOPG, DFT calculations in PBC show that the system must gain a significant energy contribution from surface interaction to stabilize itself; the predicted cohesive energy (E C = E Total − 2E I2CA − E dimer-Hbond ) is positive, and thus this repulsive energy barrier must be overcome by molecule-substrate interactions. The calculated cohesive energy is somewhat less positive (almost zero) for the trans-symmetric -COOH dimers in the single lamellar geometry shown in Figure 6 (a), due to intra-lamellar H-bonding channels between the N-H and COOH moieties available in this configuration. This holds even in the gas-phase optimized unit cell, where the (negative) cohesive energy is largest for this dimer conformation. The conformation of these dimers is analogous to the one shown in the cluster calculations (above), in Figure 1 (e). The energetics in Table I do not suggest this geometry as the most stable, but the cluster calculations do not account for the intra-lamellar bonding. The dimer tilt angle predicted for the geometry in Figure 6 (a) is not within the error bars of the measurement, but this is also the case for all of the other candidate geometries (see supplementary material 39 ). Nevertheless, the results of the total energy calculations in periodic boundary conditions strongly suggest that the singlelamellar structure observed in our experiments comprises the trans-dimer configuration predicted as less favorable by the cluster calculations.
The double-lamellar structure contains four molecules in its unit cell, which gives sixteen possible geometrical conformations for each of the dimers. All of these geometries were relaxed in both fixed (corresponding to the observed epitaxy matrix on HOPG) and variable cell geometries. We find the lowest energy structure in both cases corresponds to a unit cell containing one cis-and one trans-dimer pair, as shown in Figures 6 (b) and 6(d). When constrained to the unit cell observed on HOPG, this geometry was found to be 0.52 kcal/mol per molecule more stable than the next most favorable conformation, which suggests this geometry should dominate at room temperature. For calculations where the unit cell was allowed to relax, the energetic difference between geometries is much smaller (see supplementary material 39 ). The energy penalties for forming the ordered 2D layers are largely governed by van der Waals interactions between dimer pairs, while the OH · · · O bonding length is found to vary between 2% and 10% between the constrained and unconstrained unit cell geometries; the increase in unit cell area cannot be explained by lengthening of these bonds alone. The cohesive energy for the single-lamellar structure is calculated to be significantly more positive than for the double-lamellar structure, and based on this consideration alone, it is not surprising that it is only observed occasionally. However, its inverse areal density of 0.55 nm 2 /molecule is somewhat smaller than the 0.59 nm 2 /molecule observed for the double-lamellar structure, indicating that the energy gained from adsorption is higher in the single-lamellar geometry. It is also possible that kinetic limitations may drive the growth of these types of domains once seeded, with the energy barrier associated with converting a single-lamellar domain to double-lamellar too high to be crossed at the temperatures involved in these experiments.
The drastically different molecular geometry observed at the heptanoic acid/HOPG interface must be attributable to the choice of solvent. The coadsorption of heptanoic acid and its analogues has previously been observed in a number of self-assembled systems at the solution/solid interface. 16, 17, [50] [51] [52] [53] Some of this previous work reports structures that are interpreted in the context of coadsorbed solvent molecules, even though the latter are difficult to unambiguously resolve in STM images. 16, 17, 53 In the present case, the energetics of the observed structure are intractable in the absence of coadsorbed solvent molecules: the hydrogen bond energy of the most stable OH · · · N dimer is still 3.57 kcal/mol per molecule weaker than the bond energy of the OH · · · O dimer, and the large unit cell reduces the areal density of I2CA by one-half compared to the single lamellar structure on HOPG, shown in Figure  5 per molecule in heptanoic acid). Clearly, these deficiencies in intermolecular and substrate-molecule enthalpies must be compensated for the structure to be energetically feasible (and therefore observable). Hence, we postulate the adsorption of heptanoic acid on the HOPG surface (a possible geometry is given in the supplementary material 39 ). In this way, the total bond enthalpy of the SAMN becomes more favorable, and the total molecular density on the surface is increased.
V. CONCLUSIONS
Indole-2-carboxylic acid self-assembles to form ordered SAMNs on both HOPG and Au(111). The molecules form hydrogen-bonded assemblies built from molecular dimers. On both Au(111) (in UHV) and at the TCB/HOPG interface, OH · · · O bonded I2CA dimers pack tightly on the surface, forming long lamellar structures that exhibit slight differences in the lamellar stacking due to the differing epitaxial constraints on the two surfaces. In the presence of the carboxylated solvent heptanoic acid, a different phase is formed. The large spacing between the OH · · · N bonded I2CA dimers implies that the heptanoic acid solvent coadsorbs with the I2CA.
All of the observed substrates have substrate-commensurate unit cells. Total energy calculations suggest that substrate epitaxy drives the assembly of the overlayers; in the absence of the substrate, cohesive energy calculations show that a 2D assembly is unlikely to be stable. Energetic considerations lead us to predict that the double-lamellar structure contains one cis-and one trans-symmetric dimer in the unit cell, while the single lamellar structure contains a single trans-symmetric -COOH dimer, but in a conformation predicted to be less stable in single dimer calculations. These suppositions cannot be verified by our STM images, which do not distinguish the orientation of the indole. The double lamellar structure is calculated to be more favorable than the single lamellar structure, but occasional observation of the latter can be explained by its slightly more favorable packing density and/or by kinetic considerations.
Our new insights on the self-assembly process in Hbonded indole molecular building blocks contribute to establish guidelines to engineer the molecular structure of the building blocks for organic bioelectronic applications, e.g., protonic devices and implantable electrodes, and contribute to advance the knowledge on the functions of materials obtained from indole building blocks in biological systems. Further work focused on the investigation of the temperature stability of these structures, both in UHV and at the solution/solid interface, 54, 55 would give more details about the thermodynamics underlying the system. 
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